Spray induced turbulence is investigated on a number of different Computational Fluid Dynamics (CFD) grids of varying mesh sizes (from 0.5 to 2 mm mesh) using non-viscosity dynamic structure Large Eddy Simulation (LES) turbulence model. Turbulent flow is induced inside a quiescent chamber by liquid fuel spray and then left to decay after end of injection by virtue of its molecular viscosity and turbulent dissipation. Coherent structures (CS) of this turbulent flow are constructed and visualized using λ 2 definition. Using CS, analysis is performed on the turbulent flow around the liquid spray jet. The visualization of CS helps to explain the mechanism of fuel-air mixing obtained from LES results. It is found that fine mesh LES results predicts fuel-air mixing by virtue of breaking down of large eddies to number of smaller eddies. These LES are then compared against the results from RANS calculations on the same flow situations. It was found that main difference between RANS and LES flow structures was in its prediction of break-down of large flow structures into number of smaller eddies and the nature of diffusion of fuel rich pockets. A local CFD mesh criteria is derived based on the observation of these CS for LES calculations. With finer mesh, more flow structures were predicted resulting in enriched statistic of flow prediction.
Introduction
Over last few decades, due to enormous increase in computer capabilities, it is now generally agreed that LES models can be applied for engineering applications for CFD calculations. LES models offer significant advantage over traditional Reynolds Averaged Navier Stokes (RANS) models. The formulation of LES models are based on direct treatment of large-scale dynamics and physical modeling of small scale variations, that are universal in nature [1] .
As LES models gains popularity in engineering CFD user community, set of guidelines for standard practices of LES are evolving. One of the key variables of interest for CFD users is grid resolution. In LES model predictions the grid resolution plays an important role. Turbulent length scales that are not resolved by the CFD grids are modeled and therefore results from LES models are essentially CFD grid dependent. The motivation of this study is to come up with a methodology that can be used to "measure" the quality of CFD results for LES models in spray induced turbulence. Based on the quality of CFD result, a set of criteria is proposed for CFD mesh for LES applications.
Overview of Large Eddy Simulation for internal combustion engine turbulence motions
Numerical setup 1 adapted by a CFD problem largely determines solution obtained in the resolved scales. On the basis of numerical setup, LES model predictions may be classified as low fidelity or high fidelity. For most engineering applications including internal combustion engines, for LES model applications, it is common practice to use low fidelity numerical setup due to complexity of problem and constrains in computer resources. Upon review of LES models for engineering applications, Jhavar et al [2] reported that for engineering applications such as internal combustion engines, turbulent intermittencies and flow structures may be obtained in low fidelity setup using one equation nonviscosity based dynamic structure model. Upon review of LES models Rutland [3] recommended following features for LES models in low fidelity setup.
• Non-viscosity model approach: In low fidelity setup, due to coarse mesh, the numerical viscosity is higher than that in fine mesh. This added numerical viscosity play a role to stabilize numerical calculations and add to the effective eddy viscosity of high fidelity LES models.
• Energy budget: One equation model keeps the model stable without eddy viscosity and appropriate kinetic energy between resolved and sub-grid scale (SGS) motions.
• Solvability criteria: By dynamic modeling of the structure of SGS stress, solvability criteria are met.
• Structure of SGS stress: The tensor directions of SGS stress is important and may be obtained using scale similarity from the "test filter" scales.
Pope [4] , stated that it is impossible to construct LES model that reproduce filtered DNS velocity field realization by realization. He argued that since the resolved velocity field does not provide directly the information on SGS motions, the problem of SGS turbulence modeling is therefore independent from the problem of determining CFD mesh resolution. However filtered velocity field (resolved motions) implicitly contains information of SGS motions. Therefore resolution of CFD grid and SGS modeling are inherently connected. If filtered motions fully resolve all the turbulent length scales i.e. Direct Numerical Simulation (DNS), no SGS modeling is required. Pope [5] also argued that one of the primary goals of LES turbulence model is to resolve enough energy containing length scales such that solution becomes grid independent. In engineering applications such as internal combustion engines, this criterion becomes difficult to achieve.
Diagnosis of turbulence flow field obtained from CFD solution
In order to study in-cylinder turbulence, general expectations from LES are [6] : • More flow structures: Primary and secondary instabilities due to vortical flow motions in resolved scales • Intermittency: An estimate of time scales of fuel-air mixture formation from the resolved scale motions.
• Energy budget: Energy balance between resolved scale and SGS motions.
One of the methods to diagnose turbulent flow obtained from CFD solution is to identify and visualize temporally evolving vortex cores (coherent structures). Since turbulence flow may be conceptualized as a tangle of vortex filaments embedded on a base flow, much of turbulence physics can be explained using the concepts of vortex dynamics. In turbulent flows such as shear flow layers and mixing layers are dominated by spatially coherent and temporally evolving vortical motions [7] . The basis of identifying coherent structures is that vortex cores contain a region of locally minimum pressure.
Vortex dynamics, which govern the evolution and interaction of coherent structures with base flow, is promising in understanding turbulence phenomenon such as entrainment, mixing and aerodynamic noise. The approach taken in this paper to identify coherent structures was suggested by Jeong et al. [7] and the method is popularly called as λ 2 vortex core identification (next section).
In order to study in-cylinder turbulence, general expectations from LES are [6] :
• More flow structures: Primary and secondary instabilities due to vertical flow motions in resolved scales • Intermittency: An estimate of time scales of fuel-air mixture formation from the resolved scale motions.
Coherent structures in turbulent flow for CFD modeling
Pope [5] raised some fundamental questions on the conceptual formulation of LES that revolves around the dependence of LES results on grid size or length scales resolved by CFD grids. He mentioned that statistical resolution of all the length scales of turbulent motions is the most important criteria for any successful LES. However at high Re, it is impossible to construct statistic of flow motions such as in practical in-cylinder flows. Therefore in this work, an attempt is made to correlate the flow statistics from resolved scales by analyzing coherent structure with a model 2D vortex motion. It is assumed that for all practical purpose the planer structures of flows in turbulence is a 2D LambOseen vortex 2 . The mathematical description of LambOseen vortex may be given by
where, V θ is velocity in azimuthal directions of 2D vortex, r is radial distance from the vortex center, Γ is circulation contained inside vortex and r c is radius of vortex core (beyond which the velocity V θ decreases). Vortex core radius (r c ) is dependent on molecular viscosity (ν mol ) and time (t).
2 A line vortex that decays due to viscosity.
Formulation used to identify coherent structures
In this paper coherent structure is interchangeably defined as "vortex cores" in the following section. Coherent structures can be mathematically defined as con- 
If the eigenvalues of the tensors given in equation (1) are λ 1 , λ 2 , λ 3 , such that λ 1 < λ 2 < λ 3 , then region defined by λ 2 < 0 defines the region inside coherent structure.
The characteristics of coherent structures identified by equation (1) are • It defines a region enveloped by region of high azimuthal velocity of vortex flow.
• It is Galilean invariant and therefore can describe the intermittency and unsteadiness of coherent structures.
• The region is local to flow field.
Interpretation of λ 2 definition of coherent structure in a 2D axisymmetric flow
In this section, the λ 2 definition of coherent structure will be evaluated in a 2D axisymmetric flow. In cylindrical co-ordinates, the velocity field of 2D axisymmetric flow can be described by 
where, The angular velocity vector in 2D vortex in given by
The vorticity magnitude may is obtained from ω ω i , and for 2D vortex it is given by
Analysis of 2D line vortex using λ 2 definition
Using Lamb Oseen formulation given by equation (1) it is possible to calculate λ 2 of equation (6) and correlate with of equation (8) . At r = r c , λ 2 = 0. In a model 2D vortex structure given by equation (1), it is possible to construct relationship between λ 2 and ω ω i . Let us define a vortex turnover timescale based on measure of vorticity as
Several model line vortex are constructed with various levels of circulation ( Γ ) [ Table 1 ]. Figure 1 shows the relation between λ 2 and vortex turnover timescale τ ε in Lamb-Oseen model vortexes. From Figure 1 it can be established that near the vortex core region (r << r c ). 
Stability analysis and categorization of regions of 2D vortex plane
An analysis is performed in order to estimate the region of instability and vortex rollup for 2D line vortex given by equation (1) . In order to estimate unstable regions for 2D line vortex, vortex is divided along the radial direction into 3 sub-regions. These are a) eye (r ~ 0), b) core (where 0 < r ≤ r c ) and c) outer (r > r c ) regions.
Following arguments is placed in the context of establishing the stability for 2D line vortex.
• In eye region (i.e. r ~ 0), vortex exhibits near solid body rotation (i.e. S ij = 0)
• In core region (r < r c ) inflection point theory4 may be applied (assuming small curvature effects).
• Viscous effects dominates flow pattern in the outer region (i.e. r > r c ) Based on the above assumptions it can be established that at a particular radial distance from vortex center, vortex rollup may be initiated due to shear flow instability. This radial distance (r o ) is estimated using inflection point theory such that
The necessary and sufficient condition for instability in flow is given by ( )
In the modeled flow it is possible to show that this inflection point (r o ) lies within the vortex core region [ Figure 2 ]. It is seen that there exist a region in LambOseen vortex where the flow is unstable. In the particular case of 2D vortex, the regions of instability lies at r ~ 0.55 r c . With this information now the 2D line vortex may be rearranged into following sub-regions, namely:
• Vortex eye region (r ~ r o ): This region is the source of the flow energy of vortex and exhibits stable flow motions.
• Vortex rollup region (r o ~ r ~ r c ): In this region primary and secondary vortex rollups may occur. In this region, flow energy is both fed from the vortex eye region and dissipated outwards to the outer region.
• Outer vortex region (r > r c ): In this region, viscosity dominates the flow and flow energy dissipates.
This insight of the 2D vortex explains the mechanism of vortex rollup and supports to identify a region of turbulent vortex core in a complex 3D flow.
Numerical models
Turbulence sub-models to describe high pressure fuel sprays require a) nozzle flow sub model, b) spray transport, c) spray breakup d) droplet collision e) wall impingement and f) droplet evaporation. In the context of RANS turbulence study, Amsden et al. [8] developed the widely popular CFD code called KIVA and incorporated these sub-models primarily for internal combustion engine applications. In this study, ERC 5 modified version of KIVA-3V release2 is used to perform numerical simulations. This section elaborates on numerical sub-models and setup for study of spray induced turbulence motions.
Large Eddy Simulation -Dynamic Structure Model
A non-viscosity based one equation dynamic structure model [9, 10] used for LES calculation. The density weighted LES spatial filtering operation on the NavierStokes equation; results in filtered momentum equation:
The curly overbar in equation (13) and subsequent equations indicates a spatial Favre-averaged filtering operation. This filtering operation is never performed in CFD calculations. However solution obtained in CFD grids (cell centered or node centered variables) is assumed to be representative of the LES filtered quantities 6 . The SGS stress term (τ ij ) is unclosed and requires modeling. In non-viscosity based dynamic structure model the SGS stress term is modeled using SGS kinetic energy and normalized Leonard term (L ij ) as shown by the equation (14) .
The benefits of this model are • Non-viscosity model: Does not require to model eddy viscosity and instead allow numerical viscosity to stabilize solution. This also allows performing engineering calculations of flows with minimal computation cost [3] .
• One equation model with SGS kinetic energy transport maintains kinetic energy budget between resolved and SGS scales.
• Dynamic coefficient modeling approach allows backscatter.
• The structure of SGS stress term is obtained from Leonard Stress based on scale similarity argument. The SGS kinetic energy (ksgs) is solved from the LES derived SGS kinetic energy transport equation. 5 Engine Research Center, University of WisconsinMadison 6 LES filtered quantities are also interchangeably referred to as LES resolved solution. 
The spray source term ( s W ɺ ) accounts for the two-way coupling of momentum exchange in SGS scales between liquid droplets and surrounding gas phase [11] . Using point parcel assumption, the spray source term is modeled [11, 12] 
Numerical setup
In this work, the multidimensional engine CFD simulations are performed using KIVA [8] , a Fortran based 3-D CFD code. KIVA uses a time splitting numerical scheme for flow solver with 1st order Euler in time and 2nd order accurate in space. Some of the features of the numerical scheme of KIVA flow solver are:
• Coupled implicit differencing of diffusion terms and terms associated with pressure wave propagation.
• Sub-cycled calculation of convection.
• Stochastic spray particle injector.
The main focus of this study is to analysis CFD grid for LES calculations of fuel spray in a non-reacting environment. In order to access the spray induced turbulence, problem in hand is sub categorized into a) Evaporative spray, followed by b) Turbulence decay of flow motion. The CFD grids employed in this study are shown in Figure 3 . The CFD grids are oriented in Cartesian coordinates as shown in Figure 4 . An aspect ratio of less than 2 is maintained for all the grids (A, B, C and D) taken up for this investigation. The grid sizes and the dimension of computation domain are presented in Table 2 .
Diagnosis of CFD solution
One of the key aspects of this investigation is to address the grid convergence for LES solutions in the context of spray induced droplet breakup and turbulence. The basis of establishing CFD grid convergence is based on coherent structures obtained from LES solution of grid resolved flows. In this investigation it is argued that coherent structures obtained from resolved flow must be able to reveal certain flow patterns of orderly vortex surrounding the spray jet, due to the effect of air entrainment. LES grid convergence is established based on the convergence of these flow patterns with successive grid refinements. is set to identify coherent structure in CFD solutions in this paper. Furthermore the coherent structures obtained from RANS mean flow field is also compared as a baseline case to establish the differences between LES and RANS flow field in spray induced turbulence.
Results and discussion
For validating the numerical framework, experimental data from Sandia National Laboratory's "Spray A" configuration is chosen [13] . In the Spray A setup, diesel surrogate fuels are injected in a high pressure quiescent chamber filled with products of complete combustion. Desired temperature and pressure in the chamber is reached by igniting premixed combustible mixture prior to the start of spray injection. The conditions for these experiments are tabulated in Table 3 .
For comparing the numerical results with the experimental measurements, time resolved liquid droplet and fuel vapor penetrations are considered. In this study, liquid penetration is defined as the axial distance from the injector nozzle encompassing 97 % of the injected liquid mass and fuel vapor penetration is determined using farthest downstream location of 0.05 fuel mass fractions.
For benchmarking the results obtained from the numerical simulations, fuel liquid and vapor penetration data are compared against the experimental observations ( Figure 5 , Figure 6 ). It is observed that, the steady liquid spray penetrations agree well with the experimental measurements. However time required for attaining steady penetration is not predicted accurately by simulations (which in LES predictions are ~0.3 ms ASOI). There is considerable uncertainty in prediction of vapor penetration and subsequent fuel-air mixing due to successive grid refinements ( Figure 6 ). The vapor penetration predictions presented in Figure 6 obtained numerical simulation, is from one single realization of numerical simulation and compared with ensemble averaged vapor penetration result of experimental observation. Due to influence of turbulence on the formation fuelrich pockets, transient vapor penetration predicted by numerical simulations are intermittent in nature. Shape of turbulence structures strongly influences the predictions in vapor penetration. This is prominent in Figure 7 and Figure 8 where the differences in the evolution of fuel-air mixture predicted from different numerical grid refinement levels are evident.
To evaluate the accuracy of the results obtained from CFD numerical setup, further investigation is required on turbulence produced due to spray induced motions surrounding spray jet. To validate the numerical models, Figure 9 and Figure 10 shows the comparison between numerical predictions of liquid and vapor sprays with the experimental images obtained from optical diagnosis at various time after start of injection (ASOI). It can be seen that general contours of fuel vapor mixture agrees well with the experimental images [13] .
Evaluation of CFD grid for LES model and comparison with RANS
It is observed that CFD grid has a strong influence on prediction of fuel vapor mixture formation in DI sprays. Visualizing coherent structures obtained from resolved flow field, (Figure 11 ) shows that • Evolution of varicose instability modes surrounding the spray liquid jet is represented by spiral coherent structures.
• Detailed flow structures emerge with successive mesh refinements.
• Prediction of spray downstream fuel-air mixture and vapor penetration is largely correlated with the evolution of flow structures.
Recent study conducted by the authors [14] demonstrated using analysis of coherent structures of turbulent motions that LES models exhibit grid independence when CFD cell size is ~0.5 mm or less. A set of criteria were set to evaluate grid quality for LES solution. Besides evaluating flow statistic in
upper linear bound, the visual representations of coherent structures of grid resolved solutions in LES were carefully studied (Figure 12 ). In the figure, grids E and F are successive refinements of CFD cell sizes of (0.25 mm and 0.125 mm) respectively. It was observed that while grids A failed to reproduce varicose instability modes in coherent structures, grids B and C provide some degree of resolution in flow structures. However the distance between two successive structures in the direction of spray does vary between solutions obtained from grids B and C (marked in Figure 12 ). Varicose instability modes obtained by coherent structures offer a better insight to evaluate LES resolution of turbulence. It is found that distance between two successive structures in the direction spray does not vary in the solutions obtained from grids D, E and F. This led to the conclusion that from LES dynamic structure model, in spray induced turbulence grid convergence is obtained when coherent structures no longer provides more structures in between two successive varicose instability modes in coherent structures [6, 14] . Author extended the study to explore the coherent structures obtained from various LES models. It was found that LES modeling methodology also contributes largely to production of flow structures in grid resolved scales ( Figure 13 ).
RANS exhibits grid independent turbulent flow surrounding the spray jet with CFD cell size about ~2 mm. Spatial evolution of spray liquid and fuel vapor is strongly correlated with the nature of coherent structures around sprays. It is found that LES predicts fuel-air mixing by the dual mechanism of breaking down of large eddies into smaller eddies as well as diffusion. For RANS prediction, fuel-air mixing is driven only by diffusion mechanism. Furthermore from Figure 16 it is observed that for same CFD grid, vapor penetration prediction from RANS is underestimated while LES shows intermittencies in one single realization of fuel injection.
Evolution of spray and gas phase turbulence
In this sub-section, the evolution of spray and gas phase turbulence is analyzed obtained from the LES Grid D results. Figure 17 shows that after attaining steady state penetration, at 0.3 ms ASOI, spray droplets may be distinguished into two distinct regions of breakup by measuring the droplet drag forces. In the figure, liquid particles are colored by droplet drag force, and it is observed that in the primary breakup region (near to spray nozzle) the drag forces experienced by droplets are lower that the drag force experienced by droplets away from the nozzle. It is also observed that the region of generation of coherent structures surrounding the sprays is strongly correlated with the droplet drag. In the secondary breakup region, spray induced turbulence is produced due to two way interactions between dropletgas phase. These coherent structures produced in the secondary breakup region are carried downstream by the motion of large scale gas jet. It is also observed that in the spray breakup region the length scales of coherent structures is in the same order of magnitude of the spray jet plume.
In the Figure 18 and Figure 19 , evolution of coherent structures is investigated at different times from the start of injection. It is observed that • Coherent structures are generated first in the regions of secondary breakup • These coherent structures are carried by gas motions downstream of spray jet • Instabilities in coherent structures causes breakup of the coherent structures in the downstream locations • In the direction of spray, the coherent structures increasingly become intermittent in nature, and transition from orderly to less organized structures.
To investigate the transfer of turbulent energy from upstream to downstream, time spectra of turbulent flows at various distances downstream of nozzle are presented for both LES and RANS predictions in Figure  20 and Figure 21 respectively. It is noted that in LES prediction, the time spectrum shows increasing order of turbulent energy from the upstream to downstream locations. In LES resolved scales, it also predicts that turbulent energy cascades from flow motions of large time scales to smaller time scales. This is consistent with the traditional view of equilibrium turbulence energy cascade [4] . However when the time spectra are compared between LES and RANS flow field, the primary difference is in the transfer of flow energy in the direction of spray. In RANS calculation turbulent flow energy peaks at 35 mm downstream of nozzle and dissipates quickly afterwards in the spray downstream locations.
Coherent structure and vortex turnover timescale
In previous section (analysis of 2D line vortex) it is shown that coherent structure may be analyzed using relation between λ 2 and τ ε . In successive grid refinements relation between λ 2 and τ ε obtained from resolved velocity field in LES and mean flow field in RANS calculations are compared in Figure 22 and Figure 23 respectively. From these figures, it is possible to draw the following conclusion:
• LES resolved flow results shows a distinct upper linear bound between -λ 2 and Spray induced turbulence may be perceived as superposition of vortical motions of all length scales. Results that reveal more statistics in coherent structure (relations between -λ 2 and τ ε ) are able to resolve more scales of turbulence motion in the CFD grid itself. Flow structures that exhibits "sold body rotation" like motions in vortex eye regions are stable and more likely to dissipate energy to vortex roll-up and outer vortex regions due to viscosity. This is one of the mechanisms of turbulent dissipation in the inertial sub-ranges of turbulent flow. Therefore in order to resolve energy containing scales, it is important to resolve flow statistics in the vortex eye region which is represented by upper linear bound in
In RANS prediction, due to the nature of turbulence modeling with eddy viscosity the distinct upper linear bound in 
Summary
In this paper, spray induced turbulence is studied using LES as well as RANS calculations. The spray liquid and vapor penetrations from the simulations are compared against the experimental measurements in Sandia National Laboratory's Spray A configuration. Additionally CFD grid sensitivity study is presented to establish criteria for CFD mesh size for accurate predictions of fuel-air mixing based on coherent structures from resolved flow motions. An analysis based on resolved flow statistics in
From this study following remarks can be made:
• With RANS turbulence predictions the mechanism of fuel-air mixing is governed by diffusion in the direction of maximum gradient. In LES predictions, in addition to diffusion, fuel-air mixture is also predicted due to the contribution of breakup of large fuel rich pockets into smaller structures.
• With sufficient CFD grid resolutions (~0.5 mm), LES scalar mixing exhibits intermittencies and instabilities of turbulent motions.
• In LES one equation, non-viscosity, dynamic structure model CFD mesh of 0.5 mm average grid size can provide sufficient resolution of turbulence flow field surrounding the spray jet to achieve grid convergence and provide better predictions of fuel-air mixing.
• In spray induced flows, turbulent structures are generated in the region of secondary breakup due to drag induced motions. These structures are then carried by large scale motions in the downstream locations of spray. Turbulent instabilities are predominant in the location away from nozzles (> 50 mm) • Turbulent time spectra shows energy cascades from flow motions of larger time scales to smaller time scales. It is also observed that LES predicts transfer of energy to further downstream locations (~65 mm from nozzle) than RANS (where turbulent flow energy peaks at ~35 mm from nozzle).
In conclusion this study provides a comprehensive study of LES and RANS predictions of Sandia Spray A and provides analysis of fuel-air mixture predictions based on evolution of spray induced turbulence. 
